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S2. Metadynamics
The metadynamics Hamiltonian ‫ܪ‬ ෩ ሺ‫,‬ ‫,ݍ‬ ‫ݐ‬ሻ is written as 11 : ‫ܪ‬ ෩ ሺ‫,‬ ‫,ݍ‬ ‫ݐ‬ሻ = ‫,‪ሺ‬ܪ‬ ‫ݍ‬ሻ + ܸ ෨ ሺ‫,ݐ‬ ߦሻ, (S1) where H(p,q) is the Hamiltonian for the original (unbiased) system, ߦ is the collective variable (CV), and ܸ ෨ ሺ‫,ݐ‬ ߦሻ is the time-dependent bias potential. The bias term is defined as a sum of Gaussian hills with height h and width : 
The biased potential is related to the free energy via: ‫ܣ‬ሺߦሻ = lim ௧→ஶ ܸ ෨ ሺ‫,ݐ‬ ߦሻ + ‫ݐݏ݊ܿ‬ (S3) In principle, for smaller perturbations, better accuracy should be achieved, but this also requires longer simulation times. Although many papers has been published discussing about how to choose the parameters, 11, 12 there is still no general rule. One must consider each specified case.
In this work, we used an ideal double well model with a transition barrier of 0.9 ev to derive the optimal parameters for the best balance of accuracy and efficiency, as shown in the following:
• h = 0.08 ev
• ߱ = 0.18 Å
• t G = 20 time step
We carried out metadynamics simulations until the first barrier crossing.
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S3. Constrained Molecular dynamics 13 The correct (unbiased) average for a quantity ߙሺߦሻ of constrained (biased) molecular dynamics can be obtained from (S4) 
The free-energy difference between states (1) and (2) can be computed by integrating the free-energy gradients over a connecting path:
We first employed slow-growth to generate the reaction path. We applied an increment of 0.0008 Å/step (or 0.00067 Å/fs) to collective variables to drive the chemical reactions. We found that simulation times of 2.4 to 9.6 ps were necessary to complete the reaction, depending on the length of reaction pathways. From the reactive trajectories, we selected eleven (11) windows for thermodynamic integration calculations. Simulations of 2.4 ps were carried out at each window to produce the potential of mean force (PMF). Energy profiles were obtained by integrating the PMF. Due to the expensive cost of AIMD simulations, it is impractical to extend metadynamics simulation to at least several hundred picoseconds for sufficiently sampling in the phase space. In this work, we employed thermodynamic integration to explore the reaction phase space along the reactive pathways generated from metadynamics simulations, which can significantly enhance the samplings. The free energy differences and free energy barriers can be obtained by integrating the potential of mean force (PMF) generated from independent calculations at each selected window. Figure S1 shows the PMFs for formation of chemisorbed CO 2 (*CO 2 δ-) along the reaction coordinate (λ, the center of mass of CO 2 ). The error bars associated with each PMF is from 0.2 eV/ λ to 1.5 eV/ λ, which lead to about 0.36 eV errors in the calculated free energy barriers according to the error propagation. However, these PMFs are not fully independent. Therefore, the real errors of the data should be lower than 0.36 eV, which can be obtained from independent simulations as shown in Figure S2 . ) along the reaction coordinate (λ, the center of mass of CO 2 ) from three independent simulations. The free energy barriers are: 0.29 eV, 0.39 eV and 0.61 eV leading to a mean of 0.43 eV, with a standard deviation of 0.17 eV.
We carried out three independent calculations by using reactive trajectories from three metadynamics simulations. The free energy barriers are 0.29 eV, 0.39 eV and 0.61 eV with a standard deviation of 0.17 eV, which is 0.19 eV lower than derived from analyzing a single PMF profile. Therefore, with consideration of the uncertainties three independent calculations from different metadynamics simulations are consistent.
The 0.17 eV error is 40% of derived free energy barrier (0.43 eV), which attributes to the following reasons:
1. The errors in calculating force are much larger than energy; 2. The small simulation size used in the simulation due to the expensive cost of AIMD calculation; 3. The limited simulation time accessed in the simulation due to the expensive cost of AIMD calculation. Therefore, this 0.17 eV is the intrinsic nature in free energy calculations with small simulation size and limited simulation time, which cannot be fully eliminated under the current framework, but is possible to be reduced by extend the simulation to larger scale for future development of faster DFT calculations, or by employing less expensive methods (such as reactive force field). In this condition, we defined the CV using R(O-H) or R(C-H) (C (or O) for the reaction intermediates with H from the nearest water, which is from solvent (the second layer of water). The produced OH, is instead on surface, which is achieved by proton transfer. The steps following the proton transfer can be described using brute force simulation since the barrier for proton transfer is smaller (about 0.15 eV based on our previous calculation). 14 The CVs for elementary reaction in CO formation and formate (HCOO -) formation are shown in Table S1 . 
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S6. Constant potential corrections
We determined the electrochemical reaction energetics at constant potential using the correction method proposed by Chan and Norskov:
However for plane wave calculations the atomic charges are ambiguous. Instead we use the capacitance (C) defined as:
to replace charge (q), in S8. We calculate C from the change in the work function as the number of total electrons is varied. For the Cu(100) bare surface, the calculated C is 0.79 e/V. The reaction intermediates have very small influence on C ranging from 0.79 e/V to 0.83 eV. Therefore, we use one C value (0.79 e/V) in our calculation.
Inserting S9 to S8 leads to the ∆E in S10:
For the cases reported here, these corrections of the free energy barriers were insignificant (< 0.01 eV). 
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